NELL1 and NELL2 encode cysteine-rich amino acid sequences including six epidermal growth factorlike motifs, which contain signal peptides at the N-terminals. The deduced amino acid sequences of both genes are 55% identical and their cysteine stretch structures are conserved. NELL1 is expressed in the brain and kidney, whereas NELL2 is expressed specifically in the brain. The cell lineage expressing NELLs in the nervous system was investigated in established cell lines and central nervous system tumor tissues obtained from patients by Northern blot and reverse transcriptase-polymerase chain reaction analyses. NELL1 and NELL2 were predominantly expressed in neuroblastoma cell lines and little expressed in glioblastoma cell lines. NELL1 and NELL2 were also expressed in central neurocytoma, medulloblastoma, and some astrocytic tumors. Immunohistochemical analysis revealed that NELL2 protein was localized in the cytoplasm of neurons. These results suggest that NELL2 is predominantly expressed in the neuronal cell lineage in the human nervous system. NELL1 is expressed mainly in tumors in the neuronal cell lineage.
Introduction
Epidermal growth factor (EGF)-like repeat structures have been found in membrane proteins such as lin-12/Notch family members and their ligand proteins, Delta, Serrate, Jagged, and APX-1. 7, 8) The lin-12/Notch signaling systems are important in cell fate control and the development of many systems. 2) Recently, we isolated a nel gene encoding a 91 kd cysteine-rich protein which includes six EGF-like repeats from a chick embryonic complementary deoxyribonucleic acid (cDNA) library. 14) Although the nel gene was expressed ubiquitously in the early stage chick embryos, expression increased in neural tissues and decreased in non-neural tissues during embryonic development, and expression of the nel gene was restricted in neural tissues in the adult chick. 13) A human nel (NELL2) and its homolog (NELL1) were isolated from a human fetal brain cDNA library. 20) The deduced amino acid sequence of NELL2 was approximately 88% identical to chick nel and that of NELL1 about 55% identical to NELL2. Through Northern blot analysis expression of NELL1 was observed in the adult brain and kidney, whereas that of NELL2 was observed specifically in the brain. NELL1 and NELL2 were mapped to chromosome 11p15.1-p15.2 and 12q13.11-q13.12, respectively. 20) Determination of NELL expression in the cells of the human brain is difficult to achieve, but the cell lineage that expresses the genes can be investigated 
II. Northern blot analysis
Northern blot of adult human tissues used the product of Clontech (Palo Alto, Calif., U.S.A.). Extraction of total ribonucleic acid (RNA) from tumor tissues and cell lines was performed according to the manufacturer's protocol using an Isogen kit (Wako Pure Chemical Ind. Ltd., Osaka). Northern blot analysis was carried out according to the method described in the instruction manual using a Genescreen Hybridization Transfer Membrane (PerkinElmer Life Sciences Inc., Boston, Mass., U.S.A.). DNA probes, nucleotides 170-1820 (1650 bp) of NELL1 (Genbank accession No. D83071) and nucleotides 770-polyA tail (2500 bp) of NELL2 (Genbank accession No. D83018), were labeled with 32 Pdeoxycytidine triphosphate using the Wako DNA labeling kit.
III. Reverse transcriptase-polymerase chain reaction (RT-PCR)
RT-PCR was performed using the Perkin Elmar kit (Part No. N808-0178; Applied Biosystems, Foster City, Calif., U.S.A.), with 20 ml solution which contained 500 ng of total RNA. Primers 5?AGACTC-CCTCCCAGTACACA3? (1050-1060nt, forward) and 5?GTCTCCCTGGACAGAGATGT3? (1367-1386nt, reverse) of NELL1, and 5?TTAAGTCGGCT-CTTGCGTATG3? (1040-1360nt, forward) and 5?ATCCTCTCGAAGAGCCCTAA3? (1379-1398nt, reverse) of NELL2 were used to produce RT-PCR products of 337 bp and 359 bp from NELL1 and NELL2 messenger RNA (mRNA), respectively. The bands 337 bp and 359 bp were not produced by PCR from human genomic DNA using the NELL primers.
IV. Immunohistochemical staining of the brain
The brain of a 65 year-old man, who died of cancer, was fixed in 10% formalin. Frozen sections of the fixed brain 5 mm thick were prepared and stained with anti-NELL2 C-terminal antibodies 15) and M1 antibody 14) using the ABC system with a rabbit S-HRP staining kit (Seikagaku Ind. Co., Tokyo). The anti-NELL2 C-terminal protein antibody was prepared by immunizing rabbits with the synthetic peptide, SVDPQCLQEL of the C-terminal sequence, which is identical in human, murine, and chick species, and the M1 antibody was prepared against a chick nel peptide, 101-GVIFSIHHLDHRYLELESS-GHRNE-124, which is identical in the three species. An exception is the 104F which is I in human NELL2 and murine Nel2 (Genbank accession No. RNU48245 for rat and MMU59230 for mouse). Both antibodies were purified by affinity chromatography using peptide columns as described elsewhere.
Results
I. Expression of NELL1 and NELL2 in established cell lines Both NELL1 and NELL2 were expressed in the adult brain, although the levels of NELL1 were much lower than those of NELL2 (Fig. 1) . NELL1 was also highly expressed in the kidney, whereas NELL2 expression was restricted to the brain.
Total RNA derived from established cell lines of neuroblastoma and glioblastoma was examined by Northern blot and RT-PCR analyses. NELL2 mRNA expression was observed in five of the six neuroblastoma cell lines, except for SKNSH (Fig. 2, lane 5) . A clear NELL1 mRNA band was detected in IMR32 and NB19 (lanes 1 and 6, respectively), and a very weak band was detected in NB16 and NB69 (lanes 3 and 4, respectively). No band was detected in NB9 and SKNSH (lanes 2 and 5, respectively). However, RT-PCR found expression of both genes in all neuroblastoma cell lines (Fig. 3A , Table 1 ). In contrast, no expression of either gene was detected in the glioma cell lines U373, U138, U87, T98G, and A117 by Northern blot analysis, and quite low expression of NELL2 was observed in a few glioma cell lines. No in human tissues. PolyA ribonucleic acid (2 mg) derived from heart (1), brain (2), placenta (3), lung (4), liver (5), skeletal muscle (6), kidney (7), and pancreas (8) tissues was hybridized with 32 P-labeled NELL1 and NELL2 probes. The spleen, peripheral blood mononuclear cells, prostate, and ovary tissues gave negative results (not shown). (5), and NB19 (6), was hybridized with 32 P-labeled NELL1 and NELL2 probes. GAPDH shows the same blot hybridized with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) probe as a control.
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expression of NELL1 was observed in these cells on RT-PCR (Table 1) .
The following non-neural cell lines were also examined: HeLa, MRC5 (normal fetal lung fibroblast), MRC5sv1tg1 (SV40 transformed MRC5), A431 (epidermoid carcinoma), HT1376 (bladder cancer), CEM (T-lymphoma), and Widr (colon cancer). Weak NELL2 expression was observed in MRC5sv1tg1 and A431 by RT-PCR (Table 1) .
II. Expression of NELL1 and NELL2 in tumor tissues
The analytical results of the established cell lines indicated that NELL genes may be preferentially expressed in the neuronal cell lineage in the nervous system. Surgical specimens of one neuroblastoma tissue and four glioma tissues excised from patients were analyzed by Northern blot analysis. NELL2 expression was observed in neuroblastoma tissue but not in any of the glioma tissues (Fig. 4) . NELL1 expression was not observed in these tissues. Various types of other tumor tissues were analyzed by RT-PCR using NELL1 and NELL2 primers (Fig. 3B) . The results of both RT-PCR and Northern blot analysis were summarized in Table 2 . The mRNA amounts of both genes obtained by RT-PCR are in agreement with the results of Northern blot analysis. A relatively clear band of NELL1 was observed in medulloblastoma 600 and astrocytoma 508, and a clear band of NELL2 in medulloblastomas 568, 636, and 676, and astrocytoma 508 (Fig. 3B ) in addition to neuroblastoma tissue. There was no band in central nervous system lymphoma tissues (lanes 5 and 6). Peripheral blood mononuclear cells containing CD34-positive hematopoietic stem cells obviously expressed both NELL1 and NELL2 mRNAs, although peripheral blood mononuclear cells obtained from a normal volunteer showed no expression (lanes 7 and 14) .
III. Expression patterns of NELL2 protein in the brain
Sections of human cerebral cortex, hippocampus, and cerebellum were stained with two antibodies, anti-NELL2 C-terminal antibody and M1 anti-chick nel synthetic peptide antibody. Western blot analysis of the COS-7 cells expressing rat NELL2 protein showed that anti-NELL2 C-terminal antibody specifically recognized NELL2 protein without cross reactivity. 15) Western blot analysis of adult chick brain also confirmed that M1 antibody recognized nel protein specifically (Maeda et al., manuscript in preparation).
The cytoplasm of nerve cells was positively stained in the sections of cerebral cortex and hip- , was analyzed with NELL1 primers (1-7) and NELL2 primers (8) (9) (10) (11) (12) (13) (14) . M: deoxyribonucleic acid size marker; 501 ＋ 489, 404, 331, and 242 bp from upper band, respectively. B: Total RNA obtained from astrocytoma 146 (1), glioblastoma 467 (2) and 470 (3), astrocytoma 508 (4), lymphoma 463 (5) and 504 (6), central neurocytoma 598 (8), medulloblastoma 568 (9), 600 (10), 636 (11), 676 (12), and 726 (13), human peripheral blood mononuclear cells (7), and human peripheral blood mononuclear cells containing CD34-positive hematopoietic stem cells (14) was subjected to RT-PCR using NELL1 and NELL2 primers. (6), and glioblastoma 180 (7) was hybridized with 32 P-labeled NELL2 probe. GAPDH shows the same blot hybridized with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) probe as a control.
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Expression of NELL Genes in Brain Tumors pocampus with both antibodies (Fig. 5) . The staining patterns with anti-C-terminal antibody and M1 antibody were essentially the same, although the staining intensity with M1 was higher than that with anti-C-terminal antibody. No clear staining patterns were obtained in the cerebellum with either of the antibodies, probably due to the lower expression of NELL2 in the cerebellum which was expected based 
Discussion
Northern blot analysis showed NELL2 was abundantly expressed in neuroblastoma cell lines but little expressed in glioblastoma cell lines. Immunohistochemical study of the human cerebral cortex showed NELL2 protein was accumulated in the cytoplasm of nerve cells. These results indicated that NELL2 is expressed predominantly in neuronal cells and decreased in glial differentiation. NELL1 expression was restricted in some neuroblastoma cell lines and was not observed in glioma cell lines. NELL1 is thought to be expressed in the neuronal cell lineage. The results of RT-PCR supported these assumptions. Tissue samples of embryonal neuroepithelial tumors expressed both genes. All five medulloblastoma samples expressed NELL2 and one or two of the five expressed NELL1. Central neurocytoma also expressed both genes, although only one sample was available. Astrocytic tumors rarely expressed both genes. Some glioma tissues expressed NELL1 and NELL2 genes by RT-PCR, possibly as a result of contamination of normal neuronal cells or their primitive transformation.
Chick nel (NELL2 homolog) expression begins in the mantle layers of the neuroepithelia in early chick embryos 14) and is restricted in neurons in adults as revealed by in situ hybridization analysis of the brain (Maeda et al., manuscript in preparation). NELL2 mRNA was detected most abundantly by in situ hybridization in the hippocampus, and moderately in the cerebral cortex, amygdaloid complex, thalamus, and ventromedial hypothalamic nucleus of adult rat brain. These areas are considered to exhibit high neuronal plasticity. 10) These observations are compatible with the above assumption that NELL2 is expressed in neuronal cells but not in glial cells in the human brain.
NELL1 is expressed in calvarial osteoprogenitor cells which originated from the neural crest, and expression is upregulated in the premature fusing and fused coronal sutures of unilateral coronal synostosis. 18 ) However, NELL1 is not expressed in the mesodermal origin cartilage. Our Northern blot examination revealed abundant expression of NELL1 in the adult kidney, although expression was not observed in the adult rat kidney. Such high expression was also observed in an another kidney sample by Northern blot and by RT-PCR which revealed 325 bp band of NELL1. Therefore, NELL1 mRNA is very likely to be abundantly present in the human kidney tissue. Determining which kinds of cells express the gene in the tissue is an interesting subject for future study.
Neural stem cells can differentiate into both cells of the central nervous system and blood cells. 4, 5) We observed abundant NELL1 and NELL2 expression in peripheral blood mononuclear cells containing CD34-positive hematopoietic precursors. Expression of NELL genes in some hematopoietic progenitors might indicate they contain properties of neuronal progenitor cells. Further investigation is needed.
We conclude that both NELL genes are preferentially expressed in the neuronal cell lineage, that NELL2 is predominantly expressed in neurons and their progenitors, and that NELL1 is expressed in diverse kinds of cells including neuroblasts.
Both NELL amino acid sequences contain signal peptide at the N-terminal. The chick nel protein and rat Nel proteins were secreted when the genes were expressed in NIH3T3 cells (Matsuhashi et al., unpublished data) and in COS-7 cells, 11) respectively. The anti-NELL2 antibodies reacted with the cytoplasm of neurons but not with plasma membrane or matrix of the human brain. Similar results were also obtained in the chick brain and rat brain (Maeda et al., manuscript in preparation). Accumulation of the antigen was observed in the endoplas- Expression of NELL Genes in Brain Tumors mic reticulum lumen of CL8c4.7 neuroblastoma cells (Matsuhashi et al., unpublished data), and of rat hippocampus neurons. 15) The antigen was observed in the varicose fibers of the neuritis in the chick brain (Matsuhashi et al., unpublished data) and in the rat brain, 15) so secretion of NELL2 protein might be regulated in the endoplasmic reticulum, or the protein might be transported as particles to the axons and dendrites through the cytoplasm. EGF-like proteins such as Delta, Serrete, or Jagged function as ligands of the Notch signaling system. The nel proteins may also function as ligands, although their functions are not yet known. The Notch signaling pathway is essential for the appropriate differentiation of many cell types in various organs. 1, 3, 8, 19) Differentiation abnormalities are implicated in a variety of human diseases including neoplasms such as leukemia, cervical cancers, small cell lung carcinoma, and neuroendocrine tumor, and the two hereditary syndromes Alagille and CADASIL. 6, 8, 9, 12, 16, 17, 21) NELL genes may be active in controlling the neural differentiation pathway and thus important in the pathogenesis of the human nervous system.
